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ABSTRACT 
 
  Two of the largest earthquakes to affect water levels in Monterey Bay in recent years 
were the Loma Prieta Earthquake (LPE) of 1989 with a moment magnitude of 6.9, and the Great 
Alaskan Earthquake (GAE) of 1964 with a moment magnitude of 9.2. In this study, we compare 
the sea level response of these events with a primary focus on their frequency content and how 
the  bay  affected  it,  itself.  Singular  Spectrum  Analysis  (SSA)  was  employed  to  extract  the 
primary frequencies associated with each event.  It is not clear how or exactly where the tsunami 
associated with the LPE was generated, but it occurred inside the bay and most likely began to 
take on the characteristics of a seiche by the time it reached the tide gauge in Monterey Harbor. 
Results of the SSA decomposition revealed two primary periods of oscillation, 9-10 minutes, and 
31-32 minutes. The first oscillation is in agreement with the range of periods for the expected 
natural oscillations of Monterey Harbor, and the second oscillation is consistent with a bay-wide 
oscillation  or  seiche  mode.  SSA  decomposition  of  the  GAE  revealed  several  sequences  of 
oscillations all with a period of approximately 37 minutes, which corresponds to the predicted, 
and  previously  observed,  transverse  mode  of  oscillation  for  Monterey  Bay.  In  this  case,  it 
appears that this tsunami produced quarter-wave resonance within the bay consistent with its 
seiche-like response. Overall, the sea level responses to the LPE and GAE differed greatly, not 
only because of the large difference in their magnitudes but also because the driving force in one 
case occurred inside the bay (LPE), and in the second, outside the bay (GAE).  As a result, 
different modes of oscillation were excited.    
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1. INTRODUCTION 
 
In the past 50 years, two of the largest earthquakes to affect water levels in Monterey Bay 
were  the  Loma  Prieta  Earthquake  of  1989  and  the  Great  Alaskan  Earthquake  of  1964.  The 
epicenter of the Loma Prieta Earthquake (LPE) occurred relatively close to Monterey Bay (Fig. 
1) and the bay was part of the area affected by the event whereas the Great Alaskan Earthquake 
(GAE) occurred in Prince William Sound, Alaska, over 3000 km northwest of Monterey Bay.  
Also,  the  magnitude  of  these  events  differed  greatly.  Whereas  the  LPE  had  a  surface-wave 
magnitude  of  7.1,  the  GAE  had  a  surface-wave  magnitude  of  8.3  on  the  Richter  scale. 
Additionally, the tsunami associated with the LPE was generated inside the bay whereas the 
tsunami  associated  with  the  GAE  was  generated  near  the  epicenter  in  the  northern  Gulf  of 
Alaska, propagated as a tsunami across the Pacific basin and down the west coast of North 
America and was then transformed into a seiche upon entering Monterey Bay.  In each case, 
these events were recorded at a tide gauge at 36°36.3', 121°53.3' in Monterey Harbor located in 
the inner bight of southern Monterey Bay.  Fig. 1 shows Monterey Bay, the epicenter for the 
LPE, and certain aspects of the tsunamis and seiches associated with each event.  
 
 
 
Figure 1.  This figure shows Monterey Bay and depictions of the 1964 Great Alaskan Earthquake 
(GAE) tsunami (outside the bay) and the corresponding seiche (inside the bay), and the 1989 
Loma Prieta Earthquake (LPE) tsunami and seiche (both inside the bay).  The dotted line across 
the entrance of the bay represents the assumed location of the nodal line that corresponds to the 
node for transverse oscillations whose orientation is orthogonal to this line. 
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The natural oscillations of Monterey Bay, or seiche modes, have been a topic of interest 
for  at  least  40  years.  Wilson,  Hendrickson,  and  Kilmer  (1965)  examined  the  oscillating 
characteristics  of  Monterey  Bay  using  a  number  of  analytical  and  numerical  techniques  to 
estimate the expected periods of oscillation. Analytical and numerical methods were applied 
using various simple geometrical shapes to approximate the bay in order to extract its natural 
modes of oscillation. In applying these methods, a nodal line was assumed to exist across the 
mouth  of  the  bay  from  the  Monterey  Peninsula  to  Santa  Cruz  (Fig.  1).  In  describing  the 
oscillating  characteristics  of  the  bay,  the  mode  of  oscillation  oriented  in  the  North-South 
direction that spans the bay is referred to as longitudinal, and the mode of oscillation oriented in 
the  East-West  direction,  where  the  existence  of  a  nodal  line  is  assumed,  is  referred  to  as 
transverse. The results of Wilson, Hendrickson, and Kilmer (1965) indicated that in addition to 
longitudinal  and  transverse  modes  of  oscillation,  many  higher  modes  of  oscillation  can  be 
excited that are primarily restricted to certain parts of the bay such as Monterey Harbor and the 
bight located in the Northeast quadrant of the bay east of Santa Cruz.  They also found that the 
Monterey Submarine Canyon (MSC) has a profound effect on the natural oscillations that occur 
within the bay. The canyon serves to separate the bay into two semi-independent halves with 
only  weak  coupling  between  them.  Finally,  periods  were  predicted  for  the  lowest  modes  in 
Monterey Bay. The periods for the first 6 modes were 44.2, 29.6, 28.2, 23.3, 21.6, and 20.4 
minutes. Separate predictions were made for Monterey Harbor with periods ranging from 1-2 
minutes,  to  13.3  minutes.  Observational  studies  have  consistently  shown  natural  periods  of 
oscillation for the bay of approximately 55, 36, 27, and 21 minutes (e.g., Lynch, 1970; Breaker et 
al., 2008), where an oscillation with a period of 55 minutes corresponds to the first longitudinal 
mode, and an oscillation with a period of 36 minutes corresponds to the first transverse mode. 
  Thus, it is the primary purpose of this study to compare the sea level response of these 
events in terms of their frequency content as recorded by the tide gauges in Monterey Harbor. 
However, where the data permit and sufficient supporting information exists, we examine other 
aspects of these events as well.   
 
 
2. MATERIALS AND METHODS 
 
 Data Acquisition  
 
  In this section we provide background information on tidal measurements in Monterey 
Harbor and the tide gauges that were used to acquire water level data during the 1964 Great 
Alaskan Earthquake (GAE) and the 1989 Loma Prieta Earthquake (LPE).  
  On May 23, 1960, Prof. Warren Thompson of the U. S. Naval Postgraduate School in 
Monterey,  California,  recorded  sea  level  fluctuations  in  Monterey  Harbor,  associated  with  a 
magnitude 8.5 earthquake that occurred off Chile.  He noted seiches, or water level oscillations, 
that caused the sea level to rise and fall as much as six feet over a 20-minute period.  Thompson 
was not able to witness the tsunami's arrival, but was able to record water level oscillations in the 
bay that occurred as a result of the initial perturbation (Berkman and Symons, 1964). This lead to  
an interest in recording tsunamis and other water level oscillations in southern Monterey Bay.  
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Thompson installed a Standard Tide Gauge in June 1963, which operated continuously until 
1974.  
The relatively simple Standard Gauge measures water levels directly through a system of 
pulleys and counterweights.  It records water level on a strip chart or marigram, which is pulled 
forward by a clock mechanism.  A float inside a protective well that extends at least a meter 
below the lowest anticipated tide level measures the water level.  The standard opening at the 
bottom of the float well that is exposed to the ocean is reduced to 2 to 4 cm, to minimize 
interference by shorter wind waves.  A pipe of the same inside diameter extends down 1.0 to 1.5 
m below the orifice to reduce nonlinearities associated with higher frequency waves (Noye, 
1974).  The Standard Gauge records waves with periods from 30 to 60 seconds, to periods of 
several months (Bretschneider, 1983; Theberge, 2005). According to Cross (1967), the Standard 
Tide Gauge, similar to the one used by Thompson, “gives a good representation of tsunamis for 
periods larger than 5 minutes and wave heights of 2 feet (0.61 meters), or 15 minutes, for wave 
heights of 20 feet (6.1 meters).”  We note that the periods and wave heights observed during this 
study did not exceed these limits.  
  In 1989, a Bubbler Tide Gauge was installed at Monterey according to the standards of 
NOAA’s National Ocean Service (NOS). This gauge served as a backup for other tide gauges 
that were in operation at Monterey at that time. This instrument, which produced an analog 
record, was used to record the Loma Prieta earthquake during October 1989. Rabinovich et al. 
(1999) found that the dynamic response of the Bubbler Gauge, installed to NOS standards, is 
highly dependent on period, but for periods of roughly 10 minutes or greater, the response was 
95-98% of the observed changes in water level. Thus, the response of this gauge was marginally 
sufficient to reproduce the 9-10 minute period oscillations that we observed during this event. 
Since  the  Bubbler  Gauge  produced  an  analog  record,  it  allowed  us  to  digitize  the  data  at 
sufficiently high resolution to insure that the highest frequencies, as recorded by the instrument, 
were retained. 
 
 Data Preparation  
 
        For the GAE, paper records in the form of strip charts were obtained directly from the 
output of the tide gauge in Monterey Harbor for a period of approximately 72 hours starting 
several hours prior to the first arrival of this event. These strip charts were concatenated to 
produce  a  continuous  72-hour  record.  This  record  was  next  electronically  scanned  using  a 
CONTEX FSC Model 5010, 36-inch Full Scale Color Scanner. A scanned record already existed 
for  the  tidal  record  at  Monterey  for  the  LPE.  The  scanned  files  were  then  imported  into 
Photoshop where an image mask was applied and the original traces were isolated and assigned a 
color.  Next, a program was written to import the traces into MATLAB and convert them into an 
RGB pixel image format.  The image was then scanned to identify the trace in the MATLAB 
environment. Then information obtained from the original traces and from NOAA’s Tide Tables 
was added to calibrate the records. The final step in each case was to digitize the traces at a 
resolution of 39 seconds between samples along the abscissa, and to less than one centimeter, 
along the ordinate.  The first 5 hours were digitized in this manner for the LPE, and the first 47 
hours for the GAE.     
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Singular Spectrum Analysis 
   
  Singular Spectrum Analysis (SSA) is based on a formal mathematical decomposition that 
consists of four steps. The first is the embedding step where a trajectory matrix is constructed 
from lagged versions of the original time series, second, a Singular Value Decomposition (SVD) 
of the matrix formed by the product of the trajectory matrix and its transpose, which corresponds 
to  an  eigenvalue  problem  that  yields  eigenvalues  and  eigenvectors,  third,  grouping,  which 
involves splitting the matrices from the SVD into groups and summing the matrices within each 
group, and fourth, transforming the matrices into individual time series that can be summed to 
produce partial series, or if all of the individual series are summed, the original time series itself  
(e.g., Elsner and Tsonis, 1996; Golyandina et al., 2001). The method essentially decomposes the 
data into a set of independent modes where the user specifies the number of modes.  
  The embedding step can be accomplished by forming a trajectory matrix obtained from 
the time series, xt, of length, N, where t =1, 2,....., N, as  
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L  is  the  window  length  or  embedding  dimension  and  corresponds  to  the  number  of  lagged 
vectors that are produced, each with dimension L, 1 ≤ i ≤ K, where K = N-L+1, 1 ≤ j ≤ L, and Φij 
is the trajectory matrix whose dimensions are K x L.  The mean value of the time series, , has 
been removed in each case prior to calculating Φij.  
  A  lagged-covariance  matrix, ~ M ,  is  then  formed  from  the  trajectory  matrix,  Φij,  as 
follows 
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where Φ
T is the transpose of Φ. From the second step above, SVD is applied to ~ M  to extract the 
eigencomponents which include eigenvalues, eigenvectors, and the temporal principal 
components.  When the square roots of the eigenvalues are plotted in descending order, we 
obtain the singular spectrum.  
    In  conducting  SSA,  a  suitable  window  length,  L,  must  be  chosen.  L  determines  the 
number of lagged vectors that are used to form the trajectory matrix, and thus, the resolution of 
the decomposition. Values of L can vary from 2, to N −1, but usually vary between N/15 and N/3 
(Vautard,  1995).    According  to  Golyandina  et  al.  (2001),  the  choice  of  L  depends  on  the 
application but should be large enough so that each L-lagged vector includes an essential part of 
the behavior of the system.  As a rule, L is usually varied over a range of values before a final 
value is chosen, but experience with the method and familiarity with the data are extremely 
helpful in making this choice.  
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3. RESULTS 
 
 Loma Prieta Earthquake of 1989  
 
On October 18, 1989 at 0104 GMT, a surface-wave magnitude 7.1 earthquake occurred 
on the San Andreas fault in the Santa Cruz Mountains approximately 16 km northeast of Santa 
Cruz, California (McNutt, 1990).  The corresponding seismic moment for this event was 6.9 on 
the moment magnitude scale. Consistent with this general description, a tsunami was generated 
that propagated across at least part of the bay, arriving at the tide gauge in Monterey Harbor 
approximately  20  minutes  after  the  main  event (Schwing  et  al.,  1990).    However, from  the 
various reports that appeared following the Loma Prieta earthquake it is not exactly clear where 
and how the tsunami was generated. According to Schwing et al. (1990), and Gardner-Taggert 
and Barminski (1991), the tsunami may have been caused by vertical uplift from the initial shock 
wave at the coast near Santa Cruz. However, subsequent observations in Monterey Submarine 
Canyon indicate that this earthquake produced offshore landslides along the walls of the canyon 
(Gardner-Taggert and Barminski, 1991), slumping along the south wall of the canyon (Greene et 
al., 1991), and turbidity currents (Garfield et al., 1994), processes that each could have generated 
a tsunami. Ma et  al. (1990) produced a  synthetic tsunami for the bay based on the  seismic 
characteristics of the earthquake and concluded that large-scale slumping near Moss Landing 
could have generated a tsunami similar to that observed at Monterey. It is possible, and perhaps 
likely, that more than one process contributed to the observed sea level response at Monterey. 
The height of a tsunami can be roughly estimated near the source of generation according to 
 
                                     Log10H = 0.75M – 5.07                       (3) 
 
where H is the wave height in meters and M is the Richter or surface-wave magnitude (e.g., 
Camfield, 1980). However, this empirical relationship does not completely take into account the 
characteristics of the generating mechanism or the coastline.  Also, we prefer to use the moment 
magnitude  instead  of  the  surface-wave  magnitude  because  of  its  improved  physical  basis 
including the fact that it does not tend to saturate at higher magnitudes (e.g., Bryant, 2001). 
However, as we shall see in the following section, using the moment magnitude instead of the 
surface-wave magnitude does not always produce better results. Using (3), with a value for M of 
6.9, we obtain a value of 1.3 meters for the LPE. The period of a tsunami can be estimated 
according to 
 
                                     Log10T = 0.625M – 3.31                    (4)   
  
(Wilson and Torum, 1968), where T is the period in minutes and M is the magnitude. In this 
case, we obtain a period of 10.1 minutes.  Estimates of the amplitude and period of this event 
provide a basis for comparison with the observed sea level response at Monterey.   
 In the top panel of Fig. 2 (Fig. 2a), the tide gauge record for the three-day period from 
17-20 October 1989 is shown. In the lower panel (Fig. 2b) we have extracted a 5-hour segment 
of this record for closer inspection.  The primary response to this event appears to have taken  
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place during the first 15 hours or so after t0 (the first arrival of the event), although weaker 
indications could be observed in the record for up to 3 days. Following the main event, the two 
largest aftershocks were of magnitude 5.2 and 5.0 on the Richter scale (McNutt, 1990), and so 
were not sufficient to generate  additional tsunamis (e.g., Wilson et al., 1962). According to 
Murty et al. (2006) and Murty et al. (2008), the influence of tsunamis can last for several days 
due to arrivals from the same event that have taken multiple paths through reflections, energy 
trapping, and secondary undulations.  
 
 
 
Figure 2. The top panel, (a), shows a segment of the tidal record at Monterey during the period of 
the LPE from 17 to 20 October 1989. The area shaded in gray corresponds to the first five hours 
of this event. The lower panel, (b), shows the first five hours in greater detail where t0 indicates 
the first arrival of this event. 
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The apparent maximum range of variability during the period shown in Fig. 2b is of the 
order of 45 cm.  However, due to the response characteristics of the tide gauge employed and the 
subsequent  data  processing,  this  record  may  underestimate  the  true  amplitude  of  the  signal, 
significantly. If our estimate of the initial wave height (1.3 meters) is realistic, then a maximum 
observed range of 45 cm is smaller than the predicted wave height by almost a factor of 3.  
Singular Spectrum Analysis (SSA) has been applied to the record shown in Fig. 3b in 
order to extract the primary frequencies contained therein.  The eigenvalues in Fig. 3a show how 
the variance is partitioned by mode. A window length, L, of 300 (3.25 hours) was chosen.  
 
 
 
Figure 3. The top panel, (a), shows the distribution of eigenvalues for the first 12 modes of the 
singular spectrum analysis for the record shown in Fig. 2b, for a window length of 300 (3.25 
hours). The scale on the vertical axis is logarithmic. The second panel, (b), shows the first four 
reconstructed modes which correspond to the astronomical tide. The third panel, (c), shows 
reconstructed modes 5 and 6, which reveal an oscillation with a period of 31-32 minutes, and the 
bottom panel, (d), shows reconstructed modes 9 and 10, which reveal an oscillation with a period 
of 9-10 minutes. 
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The first 4 modes account for 88.6%, and the first 10 modes, 93.6%, of the total variance.   
When  the  first  four  modes  are  reconstructed  and  grouped,  they  closely  approximate  the 
underlying tidal signal (Fig. 3b).  When modes 5 and 6 are combined (Fig. 3c), they correspond 
to an oscillation with a period of 31-32 minutes. Again, this period is not fixed, but varies 
slightly. A period of 31-32 approaches the expected period of transverse oscillation for the bay. 
The transverse mode as described by Wilson et al. (1965) has a nodal line across the entrance of 
the bay and an antinode at Moss Landing (Fig. 1). The expected period is approximately 36 
minutes and has been observed on a number of occasions, and, again, as we shall see, after we 
examine the GAE. Modes 9 and 10, taken together (Fig. 3d), reproduce an oscillation with a 
period of 9-10 minutes, consistent with the findings of Schwing et al. (1990).  This oscillation 
does not represent a pure tone, but, rather, one whose period varies slightly, i.e., it is frequency 
modulated. The period is close to the predicted period of the tsunami itself which was 10.1 
minutes. However, it is likely that the tsunami associated with the LPE was at least partially 
influenced by the boundaries of the bay when it arrived at Monterey Harbor and so its frequency 
content may have been altered as it propagated south and began to take on the characteristics of a 
seiche.  Finally,  a  period  of  9-10  minutes  falls  well  within  the  range  of  seiche  periods  for 
Monterey Harbor as predicted by Wilson et al. (1965).  
 
 
 The Great Alaskan Earthquake of 1964 
 
  On March 28, 1964 at 03:36 GMT, a shallow earthquake of surface-wave magnitude 8.3 
and a moment magnitude of 9.2 occurred at 61.0°N, 147.8°W in Prince William Sound, in south-
central Alaska (Page, 1968). Uplifting caused vertical displacements as large as 16 m on the sea 
floor in the vicinity of the epicenter (Malloy, 1964). According to Plafker and Mayo (1965), 
submarine uplift of the continental shelf within Prince William Sound and considerably beyond, 
generated  a  train  of  long-period  large-amplitude  seismic  sea  waves,  or  tsunamis,  that  were 
recorded at tide gauges throughout the Pacific basin.  The tsunami that was generated by this 
earthquake propagated across the Pacific basin and south along the west coast of North America 
reaching the latitude of Monterey Bay at approximately 08:18 GMT on March 28, 1964.  During 
the first day following the main event there were 11 aftershocks of surface-wave magnitude 6.0, 
or greater (Page, 1968), but none large enough to generate a second tsunami.  
  Cylindrically symmetrical dispersive waves decay approximately according to 1/r, where 
r is the distance from the epicenter, and the effects of bottom depth are not taken into account. 
However, when the tsunami approaches the coast the effects of bottom depth must be taken into 
account, and both refraction and dispersion may become important. Thus, without the help of a 
numerical model that contains the governing physics and the appropriate initial and boundary 
conditions,  it  is  not  a  simple  matter  to  estimate  the  height  of  the  tsunami  when  it  reached 
Monterey Bay. Since the period remains essentially constant we can estimate this parameter, and 
using equation (4) with a magnitude of 8.3, we obtain a value of 75.4 minutes. This value is very 
close (a difference of less than 1 minute) to the period of positive surge observed at Wake Island 
following the GAE (Van Dorn, 1964). We note that using a moment magnitude of 9.2 in this 
case predicts a period of almost 4.6 hours which is far greater than the period that was observed 
for this event. 
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  Fig. 4a shows a digitized version of the strip chart that was originally recorded from the 
tide gauge in Monterey Harbor for the two-day period (actually, 47 hours) following the first 
arrival of this event at t0. In Fig. 4b, we have extracted a 5-hour portion of the record. The peak-
to-trough range of the oscillations associated with this event approach, or even exceed, 100 cm, 
rivaling the amplitude of the semidiurnal tide itself. Over the first two days, the amplitudes of the 
oscillations associated with this event decrease by roughly an order-of-magnitude.  However, 
oscillatory behavior could be detected for at least four days following the main event, due to 
multipath effects, which spread the arrival pattern over time.  
 
 
Figure 4.  The top panel, (a), shows a segment of the tidal record at Monterey during the period 
of the GAE from 28 to 29 March 1964. The area shaded in gray corresponds to the first five 
hours of this event. The lower panel, (b), shows the first five hours in greater detail where t0, 
again, indicates the first arrival of this event. 
 
Science of Tsunami Hazards, Vol. 28, No. 5, page 264 (2009)   -11- 
 
  An examination of the record in Fig. 4a shows that two bursts of 6 or 7 oscillations 
followed within 2-3 hours of the initial burst, which consists of 10 oscillations.  After the first 20 
hours, the oscillations continue but are no longer burst-like.  They are more continuous in nature 
with amplitudes that gradually decrease with time. This trend continues out to four days at which 
time the oscillations were barely detectable (not shown). The second two bursts that follow the 
initial burst suggest that they could be due to reflections that occurred relatively close to the 
epicenter because of their similarity to the initial burst.  Because there are no obvious reflecting 
boundaries outside Monterey Bay for great distances it is unclear how reflections could play a 
significant role in contributing to these secondary oscillations unless they occurred much closer 
to the epicenter.  The initial disturbance could have been reflected from bathymetric features 
along the Aleutian Chain as it spread southward from the epicenter. However, without detailed 
calculations  that  take  into  account  the  possible  propagation  paths  that  could  have  produced 
arrival  times  matching  those  in  the  record,  we  cannot  answer  this  question.  Thus,  we  also 
consider energy trapping and secondary undulations as processes that may have contributed to 
the extended oscillations. Energy trapping can take the form of continental shelf waves that are 
trapped over the continental margin by the sloping bottom and are strongly influenced by the 
earth’s rotation.  However, because these waves are generated and propagate along the open 
coast it is unlikely that they are responsible for the extended oscillations observed in the tide 
gauge record at Monterey. Energy trapping can also generate infragravity waves called edge 
waves, which appear to have been previously observed in Monterey Bay (MacMahan et al., 
2004a; MacMahan et al., 2004b).  Yanuma and Tsuji (1998) showed that using a shelf slope of 
1/1000 and a shelf width of 1 km, a period of approximately 27 minutes is predicted for the first 
standing edge wave mode. In the shallow shelf regions of Monterey Bay, away from MSC, edge 
waves with periods of the same order are predicted.  
  According to Kowalik and Murty (1993), secondary undulations are oscillations whose 
periods correspond to the normal modes of the bay and can be excited by a number of different 
sources, including tsunamis. These secondary undulations can be classified rather generally as 
one of three types, A, B, or C, depending on the geometry of the bay (Nakano, 1932). In type A, 
the  secondary  undulations  appear  as  coherent  wave  trains  with  approximately  the  same 
waveform. In type B, they are not as regular and coherent as in type A, but are not completely 
irregular.  In type C, they are essentially irregular in form. The type of secondary undulations can 
be roughly determined by plotting the depth of the bay versus 10S/b
2,
 where S corresponds to the 
surface area of the bay and b is its breadth. For Monterey Bay, with a surface area, S, of roughly 
800  km
2,  a  breadth  of  approximately  20  km,  and  an  average  depth  of  100m,  we  find  that 
secondary undulations fall into category B, where they are not as regular and coherent as in type 
A,  but  are  not  completely  irregular.  On  a  qualitative  basis,  we  find  this  result  is  generally 
consistent with the oscillatory patterns exhibited in the record. In summary, although the pair of 
secondary bursts between hours 8 and 18 in Fig. 4a may be due to reflections, we are not able to 
identify any reflecting boundary near Monterey Bay that may have been responsible. Both edge 
waves  and  secondary  undulations  inside  the  bay  provide  reasonable  explanations  for  the 
observed pattern of oscillations that lasted for up to 4 days following the initial burst.     
  We have applied SSA to this record as well. Fig. 5a shows the first 10 eigenvalues, which 
account for over 90% of the total variance. A window length of 1000 or 10.8 hours was used,  
 
Science of Tsunami Hazards, Vol. 28, No. 5, page 265  (2009)   -12- 
which is about 23% of the record length. When the first three modes are reconstructed and 
grouped (Fig. 5b), they approximately represent the predicted semidiurnal tide, at least for the 
last two cycles.  
 
 
Figure 5. The top panel, (a), shows the distribution of eigenvalues for the first 10 modes of the 
singular spectrum analysis for the record shown in Fig. 4, for a window length of 1000 (10.8 
hours). The second panel, (b), shows the first three reconstructed modes, which correspond to the 
astronomical tide. The dashed line shows the corresponding semidiurnal tide from the NOAA 
Tide Tables for 1964. The third panel, (c), shows reconstructed modes 4 and 5, the fourth panel, 
(d), reconstructed modes 6 and 7, and the fifth or bottom panel, (e), reconstructed modes 8 and 9. 
The period in each case is approximately 37 minutes. 
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During the first 10-15 hours, nonlinear interaction between the tidal signal and the tsunami-
driven seiche may have occurred, leading to distortion in the observed waveform.  When modes 
4  and  5,  6  and  7,  and  8  and  9  are  reconstructed  and  grouped,  they  each  have  a  period  of 
approximately 37 minutes, ±0.5 minutes. Each grouping appears to represent a different aspect of 
the same oscillation, most likely, separate arrivals that occurred during the period of observation. 
An observed oscillation with a period of approximately 37 minutes is in close agreement with the 
past observations of Lynch (1970) and Breaker et al. (2008). A period of 37 minutes corresponds 
closely to the expected transverse mode of oscillation for the bay that assumes a nodal line across 
the entrance from the Monterey Peninsula to Santa Cruz (Fig. 1).  This mode of oscillation is 
consistent with a tidal wave that enters the bay from the west. As the wave conforms to the bay’s 
dimensions, it is transformed into a seiche whose period has often been observed, and at least 
approximately predicted by Wilson et al. (1965).  We also note that a period of 37 minutes 
corresponds to a frequency that is approximately twice the frequency associated with the period 
of the 1964 tsunami, which was about 75 minutes. This raises the question of resonance between 
the incoming tsunami and the corresponding seiche it produced. If we consider the case of harbor 
resonance, as described by LeBlond and Mysak (1988), where the wave motion is excited by 
forcing at the entrance, the response may be expressed as the ratio of the maximum amplitude 
inside the harbor to the amplitude at the entrance.  The simplest case of a resonant response 
occurs for quarter-wave resonance.  In this case the only processes that limit the amplitude inside 
the harbor are dissipative in nature. In harbors where this happens, the entrance corresponds to a 
nodal line and the antinode occurs at a distance of one-quarter wavelength inside the harbor (Fig. 
1).  This appears to be the same situation that has occurred in Monterey Bay with respect to the 
GAE.  And since the resonant frequency of the bay for the transverse mode is almost an integer 
multiple of the forcing frequency, the opportunity for resonant interaction to occur may have 
been enhanced.  Finally, although the groupings for modes 4 and 5, 6 and 7, and 8 and 9 are 
independent,  each  represents  the  same  frequency,  a  result  that  we  have  not  previously 
encountered in the application of SSA. 
 
 
4. CONCLUSIONS 
 
  Singular Spectrum Analysis (SSA) was particularly effective in extracting the primary 
frequencies associated with each event, consistent with the findings and recommendations of 
Golyandina et al. (2001), and Ghil et al. (2002). It is not clear how or exactly where the tsunami 
associated  with  the  1989  Loma  Prieta  Earthquake  (LPE)  was  generated  in  Monterey  Bay, 
although these questions have been discussed in the literature.  It may have been initiated at the 
north end of the bay near Santa Cruz, along the south wall of Monterey Submarine Canyon, or 
further up the canyon near Moss Landing.  It is most likely that the tsunami generated by the 
LPE began to take on the characteristics of a seiche by the time it reached the tide gauge in 
Monterey Harbor.  Our results indicate that the LPE was responsible for generating one mode of 
oscillation with a period of 9-10 minutes, generally consistent with the predicted periods of 
oscillation for Monterey Harbor, and a second oscillation with a period of 31-32 minutes that 
most likely corresponds to a bay-wide oscillation.  
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   The initial peak-to-trough amplitude of the sea level response to the GAE was close to 
100 cm and thus of the same order as the amplitude of the semidiurnal tide itself. Two bursts of 
6-7 oscillations followed within 2 to 3 hours after the initial burst of 10 oscillations and may 
have been due to reflections of the main event and thus taken a slightly longer path on their way 
across  the  Pacific.  We  conclude  that  edge  waves  and  secondary  undulations  may  have  also 
contributed to the oscillatory behavior observed in the sea level record out to a period of almost 4 
days. SSA revealed oscillations with a period of approximately 37 minutes, which corresponds to 
the transverse mode of oscillation that has previously been observed. Although different arrivals 
were included in the SSA decomposition, only a single frequency with a period of ~37 minutes 
was found, consistent with a strongly resonant response.  This mode of oscillation is consistent 
with a tidal wave that entered the bay from the west where a nodal line extends across the 
entrance from the Monterey Peninsula to Santa Cruz. We conclude that the tsunami produced 
quarter-wave resonance within the bay consistent with the observed seiche-like response in sea 
level.     
  The sea level responses to the LPE and the GAE were entirely different, not only because 
of the large difference in the magnitudes of these events, but also because the driving force in 
one case occurred inside the bay (LPE), and in the second, outside the bay (GAE).  As a result, 
different modes of oscillation were excited.     
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